The research objectives of this paper consist of development of appropriate apparatus and process to apply natural sedimentation for preparing polyacrylamide microspheres industrially. The kettle height of the apparatus should be higher than 2 m to provide adequate sedimentation distance for microspheres, and the inner wall of kettle was made by non-polar materials to prevent microspheres from adhering to the wall. The natural sedimentation was used to replace dispersant to maintain the dispersion. Affordable, non-toxic and non-pollutant corn oil was used as the dispersion medium. Furthermore, single factor synthesis and multi-factor analysis of variance were used to optimize the process. 
mature technology (5) (6) (7) (8) . The process of inverse suspension polymerization is achieved by three steps. First, reaction system, a mixture of initiator, monomer and crosslinking agent, is prepared; secondly, the reaction system prepared at first stage is dispersed in an organic solvent (dispersion medium) to form droplets with the assistance of dispersant and/or stabilizer; finally, microspheres are produced by polymerization happens in droplets.
Compared to bulk polymerization and solution polymerization, inverse suspension polymerization with mild reaction conditions has fewer side effects and obvious advantage in heat transfer, mixing and other issues (9) . Therefore, the application of inverse suspension polymerization for preparing polyacrylamide microspheres has become a hot research.
However, there are some disadvantages in inverse suspension polymerization process as follows: (1) Dispersion is a thermodynamically instable system, which can induce droplets adhesion and agglomeration; (2) The application of dispersant, stabilizer and dispersion medium increases the cost (9, 10) ; (3) The polymerization process is intermittent and inefficient, which make the industrial production difficult to carry out. Some researchers proposed that the stability of the dispersion could be improved by developing novel dispersants or thickeners and strictly operating the process and reaction conditions (11, 12) . These methods effectively prevented the adhesion between droplets at the initial stage of polymerization. However, because microspheres have a certain viscosity at the middle stage of the polymerization, and stirring increases the collision probability of microsphere with each other, the adhesion and agglomeration between microspheres would still occur; however, without stirring, sedimentation accumulation agglomeration happens between microspheres. Considering stirring could cause adhesion and agglomeration, Benda and co-workers (13) proposed a new process which was realized by combining dispersants and a long vertical reactor. This new method allowed initiated water solution monomer droplets to polymerize gradually during their fall through oil phase which was filled in a long vertical reactor. However, the dispersants are still necessary, and the length of the vertical reactor suffers from a shortage of theoretical support.
In view of disadvantages of inverse suspension polymerization, the equipment and process are developed to utilize natural sedimentation power to prepare polyacrylamide microspheres and the process is optimized by using single factor analysis and multi factor analysis of variance in this paper. In the proposed method, microsphere adhesion agglomeration could be avoided without adding dispersant and stabilizer.
EXPERIMENTAL

Materials
Deionized water was used to prepare solution. Acrylamide (AM) (CP) which was chosen to synthetic polyacrylamide microsphere, sodium hydrogen sulfite (NaHSO 3 ) (AR) and Ltd. Corn oil used in this study was a commercial product.
Methods
Foundation Of The Application Of Natural Sedimentation
First, The reaction system (aqueous phase) is dispersed in the dispersion medium (oil phase) to form dispersion system by mechanical agitation or vibration, which refers to conventional inverse suspension polymerization process. However, the difference is that there is no dispersant or suspension stabilizer agents in dispersion medium. The particle size of microsphere is determined by the stirring speed or vibration frequency and volume ratio of aqueous and oil phases. Once shear separation and collision combination reach dynamic equilibrium, microspheres with relatively uniform diameter would be formed in the dispersion system. Then, the dispersion system is poured into kettle with previously used dispersion medium to form a slug of dispersion system. Because the density of aqueous phase is bigger than oil phase, microspheres settle gradually in the kettle rather than adhere and agglomerate. The natural sedimentation is used to keep the dispersion of microspheres. The sedimentation process is shown in Fig. 1 
where ρ and ρ 0 are the density of reaction system and dispersion medium respectively, kg/mPa·s.
The density of acrylamide is 1122 kg/m 3 , and most mass of the reaction system is comprised of water. Therefore, the density of the reaction system could be approximated to 1100 kg/m 3 . Compared with the conventional dispersion medium (cyclohexane, toluene, etc.), corn oil with higher density and viscosity has the advantage of low cost, non-toxic and non-polluting nature. Therefore, corn oil whose density is 920 kg/m 3 is chosen to be used as dispersion medium. Although corn oil consists of unsaturated compounds (oleic and linoleic acids) which could affect the free-radical polymerizations, the effects can be ignored in industrial production. The viscosity of corn oil at different temperatures was tested by rotational viscometer, and the results are given in Table 1 .
Limit distance (S) of different diameters of microsphere at different temperatures can be calculated from Eq. (1), and the results are given in Table 2 . It can be seen that with the particle size increasing, S increases; however, the value of S is very low. The maximum value of S of microsphere with diameter of 50 and 200 μm is just 1.24×10 -9 and 3.17×10 -7 m respectively. Therefore, S can be ignored when the total sedimentation distance of microsphere is considered.
According to the principle of falling ball method for measuring the viscosity (14) , when the (2) where H is the sedimentation distance, m; T is the time used for sedimentation, s.
T can be calculated by Eq. (3). 2 o 18 (1 2 4 )(1 1 6 
Assume that the value of H is 2 m, which is selected in our experiments, sedimentation time (T) of different particle sizes of microsphere in different inside diameters of the kettle (10 cm and 5 cm) was calculated and the results are given in Tables 3 and 4. Comparing   Tables 3 and 4 , one can observe that, the smaller the value of D, the longer the sedimentation time. This is mainly because of the adhesion of the inner wall of the kettle; however, the effect is not obvious. It also can be found that the sedimentation velocity 
Apparatus And Process
According to the principle of the application of natural sedimentation, the apparatus for preparing microsphere was designed, and the structure is shown in Fig. 2 .
The apparatus consists of three systems, namely temperature control system, reaction kettle system and support system. Temperature control system is comprised of thermostat (1), temperature sensor (2), the cooling water outlet joint (3), the cooling water inlet joint (6), the power supply terminal Ι (4), the power supply terminal Ⅱ (5), the cooling tube (11), the heating tube (12) and insulation layer (13) . Reactor kettle system includes valve (9), bending joint (15), the lid of kettle (16) and reaction kettle (17). Support system consists of bracket (7), the base (8), the fixed shaft (9) and the shell of kettle (14) . The kettle is winded by heating and cooling tubes, which can change the reaction temperature quickly; the insulation layer is used to maintain the reaction temperature. The kettle and valve are connected by bending joint, which is convenient for releasing microspheres.
Fixed shaft allows the kettle to rotate from 0° to 180°, which is designed for cleaning the kettle. The key technology of the apparatus includes two aspects: first, the height of the kettle must be higher than 2 m, which can provide adequate sedimentation distance for larger particle size of microsphere to guarantee reaction time; second, the inner wall of the kettle is made by polyethylene or Teflon or other non-polar materials, which can prevent the microsphere from adhering to the wall. The structure of this apparatus is simple;
however, it takes advantage of natural power-sedimentation to disperse microspheres effectively, which reduces the energy consumption.
The process of preparing microsphere consists of four steps as follows. First, initiator, monomer, crosslinking and other materials are dissolved in deionized water in a low temperature water bath to form reaction system. The low temperature water bath is used to prevent polymerization reaction during the dissolution process. Second, the reaction system is dispersed in dispersion medium by mechanical agitation or vibration in the low temperature water bath to form the first batch of dispersion system. The low temperature water bath is also used to prevent polymerization reaction. Third, the dispersion system is added into the kettle with the previously used dispersion medium which has been heated to the polymerization temperature. And then the lid is closed, the sensor is connected and the thermostat is turned on. Finally, after the polymerization reaction completion, cooling water is applied for cooling the kettle to room temperature, and then the lid and valve are opened. A sieve is used to separate microspheres and dispersion medium.
Due to the continuous sedimentation migration of microsphere, multi-batch dispersion system can be injected into the kettle at a certain time interval to form multiple slugs of dispersion system until the kettle is filled. When the slug of dispersion system, which exists at the bottom of kettle, finishes the polymerization reaction, release the slug through the valve. And then there is space in the kettle again. Therefore, another butch of dispersion system can be added, which means that the continuous production is achieved.
The Production Of Polyacrylamide Microspheres
The kettle with the height of 2.5 m and inner diameter of 5.0 cm was used to prepare microsphere. The lower inner diameter was designed for reducing the coin oil consumption in laboratory. Much larger diameter could be chosen in industrial production. The inner wall of kettle was made of polyethylene.
AM (20 g), K 2 S 2 O 8 (0.16 g), NaHSO 3 (0.04 g) and MBA (0.08g) were dissolveed in 100g deionized water in a water bath of 10℃ to form the reaction system. The first batch of dispersion system was obtained by mixing reaction system and corn oil with the volume ratio of 1:4 with 150 r/min stirring for 5 min in a water bath of 10℃. And then, this dispersion system was added into the kettle with 2 m height of corn oil, which had been heated to 70℃. After half an hour, the second batch of dispersion system was added into the kettle. The second batch dispersion system was prepared by mixing reaction system and corn oil with the volume ratio of 1.5:5 with 200 r/min stirring for 5 min in a water bath of 10℃. After 2.5 h, the kettle lid and valve were opened, the first batch of microspheres which were denoted as Sample 1 was released, and then the valve was closed. After 3 h, the second batch of microspheres which were denoted as Sample 2 was released. The microspheres were dried at ambient atmosphere.
Sem
SEM analysis was conducted in the State Key Laboratory of Heavy Oil Research by using a Hitachi S-4800 (EDAX GENESIS XM2 SYSTEM 60x) in secondary electron mode. The surface of microsphere was coated by gold/palladium to make conductive samples usable in SEM analysis.
The Test Of Particle Size
Photomicrograph was used to measure the particle size of microsphere as follows. First, two photos of each microsphere sample were captured by electronic camera. Second, the Photoshop software was used to create dimensions on every microsphere according to the ruler. Finally, the particle size range and the number of microspheres within some scope of particle size were statistically analyzed.
RESULTS AND DISCUSSION
Polyacrylamide Microspheres
Microsphere sample 2 is shown in between microspheres. Because there is no contamination caused by dispersant, corn oil can be reused, which reduces the production costs. Furthermore, because there is no dispersant adsorbing on the surface of microsphere, microspheres are easy to clean.
Therefore, the process could be applied for industrial production.
The average diameter of microsphere samples 1 and 2 are about 250 and 200 μm respectively, which indicates that the diameter of microsphere could be determined by the stirring speed and volume ratio of aqueous and oil phases.
The Optimization Of Process
In order to obtain uniform particle size distribution of microspheres, appropriate preparation process was studied. The proportion of microspheres with the diameter range of 80-160 μm was measured to optimize the stirring speed and the volume ratio of aqueous and oil phases. During the test, dosage of monomer, initiator and cross-linking and other experimental conditions which were the same as shown in Section 2.2.3 remained unchanged.
The Influence Of Stirring Speed
The volume ratio of aqueous phase and oil phase was set as 1:5. 200, 300, 400, 500 and 600 r/min were designed to reveal the effect of stirring speed on the particle size distribution of microspheres. The pie chart was used to process the data as shown in Fig 5. When the stirring speed is 200, 300, 400, 500 and 600 r/min, the proportion of microspheres with diameter range of 80-160 μm is 34.09, 60.00, 70.45, 56.58 and 49.12% respectively. It can be found that, with the stirring speed increasing, the proportion of microspheres with diameter range of 80-160 μm increases first and then decreases. When the stirring speed is 400 r/min, the proportion value is the largest. When the stirring speed is lower than 400 r/min, the proportion of microspheres whose diameter is above 160 μm is relatively large.
When the stirring speed is higher than 400 r/min, the proportion of microspheres whose diameter is below 80 μm becomes larger. When the stirring speed is over 500 r/min, there are no microspheres whose diameter is above 190 μm. This is because the faster the stirring speed, the greater the shear force, and with the shearing force increasing, the diameter of the microsphere diminishes.
The Influence Of Volume Ratio
In order to study the effect of volume ratio on particle size distribution, the stirring speed was maintained at 400 r/min. The effect of volume ratio of aqueous and oil phases on particle size distribution of microspheres was studied by changing the value in the form of observe that with the volume ratio decreasing, the proportion of microspheres with diameter range of 80-160 μm increases first and then decreases. When the volume ratio is 1:6, the value of the proportion is the largest. When the value of volume ratio is higher than 1:6, with the volume ratio decreasing, the proportion of microspheres whose diameter is larger than 160 μm gradually decreases. This is because there is more oil phase in dispersion system, which can provide extra-large space for the dispersion of aqueous phase.
However, compared with 1:6, when the value of volume ratio is 1:7, the proportion of microspheres whose diameter is larger than 160 μm becomes larger instead. This is because the influenced area of stirring blade is limited. When the volume is too large, the dispersion system cannot be mixed uniformly, which induces microsphere adhesion and agglomeration in some area of the dispersion system.
Multi-Factor Analysis Of Variance
The influence of single synthesis condition on the particle size distribution indicates that both the stirring speed and the volume ratio of aqueous and oil phases affect the particle size distribution. Therefore, based on the optimal values of stirring speed and volume ratio, the experiment which is shown in Table 5 was designed to conduct multi-factor analysis of variance. In order to test the interaction between stirring speed and volume ratio, particle size distribution was tested twice in each experiment. Experimental results are given in Table 6 .
The value of significant level α was set as 0.05. The multi-factor analysis of variance is conducted as follows.
Given k =3，r= 3，n =2. 
CONCLUSIONS
In view of the disadvantages of inverse suspension polymerization, based on the theory of measuring viscosity coefficient by a falling sphere, the preparation equipment and process of applying natural sedimentation for maintaining the dispersion of microspheres are developed. The following conclusions can be derived:
(1) The apparatus whose structure is simple takes advantage of natural-sedimentation power effectively. The height of the kettle must be higher than 2 m to provide sedimentation distance to ensure the adequate reaction time, and the inner wall of the kettle should be made by non-polar materials to prevent the microsphere from adsorbing on the wall.
(2) The stability of dispersion system could be kept by nature force without dispersant and / or stabilizer. Experimental results of preparing polyacrylamide microsphere show that the preparation process is easy to operate. The corn oil which is used as dispersion medium could be reused to decrease production costs, and there is no pollution during the production process, which is convenient for implementing industrial production. 
